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Abstract—The analysis of two years of Collection 3 and five
years of Collection 4 Terra Moderate Resolution Imaging Spec-
troradiometer (MODIS) Leaf Area Index (LAI) and Fraction of
Photosynthetically Active Radiation (FPAR) data sets is presented
in this article with the goal of understanding product quality
with respect to version (Collection 3 versus 4), algorithm (main
versus backup), snow (snow-free versus snow on the ground), and
cloud (cloud-free versus cloudy) conditions. Retrievals from the
main radiative transfer algorithm increased from 55% in Collec-
tion 3 to 67% in Collection 4 due to algorithm refinements and
improved inputs. Anomalously high LAI/FPAR values observed
in Collection 3 product in some vegetation types were corrected
in Collection 4. The problem of reflectance saturation and too
few main algorithm retrievals in broadleaf forests persisted in
Collection 4. The spurious seasonality in needleleaf LAI/FPAR
fields was traced to fewer reliable input data and retrievals during
the boreal winter period. About 97% of the snow covered pixels
were processed by the backup Normalized Difference Vegetation
Index-based algorithm. Similarly, a majority of retrievals under
cloudy conditions were obtained from the backup algorithm. For
these reasons, the users are advised to consult the quality flags
accompanying the LAI and FPAR product.

Index Terms—Evaluation and assessment, Fraction of Photo-
synthetically Active Radiation (FPAR) absorbed by vegetation,
Leaf Area Index (LAI), Moderate Resolution Imaging Spectrora-
diometer (MODIS).

I. INTRODUCTION

THE MODERATE resolution Imaging Spectroradiometer
(MODIS) is an instrument on board NASA’s Terra and

Aqua platforms for remote sensing of the Earth’s atmosphere,
oceans and land surface. The Terra platform was launched on
December 18, 1999 and the Aqua platform on May 4, 2002. The
MODIS instrument has a swath width of 2 330 km, orbit height
of 705 km, and produces global coverage every one to two days.
MODIS measures reflected solar and emitted thermal radiation
in 36 spectral bands and at three different spatial resolutions
(250, 500, and 1000 m) [1].

The MODIS Land team is responsible for the development
of algorithms for operationally producing 16 geophysical data
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products and their validation. The products include vegetation
green leaf area index (LAI) and the fraction of photosynthet-
ically active radiation (400–700 nm) absorbed by vegetation
(FPAR) [2]. LAI is defined as the one-sided green leaf area
per unit ground area in broadleaf canopies and as half the total
needle surface area per unit ground area in coniferous canopies.
These products are useful in studies of the exchange of fluxes
of energy, mass (e.g., water and CO ), and momentum between
the surface and atmosphere [3].

Research on MODIS LAI and FPAR products is performed
along three broad fronts—algorithm development, product anal-
ysis, and validation. Algorithm development includes the de-
velopment of the at-launch algorithm [4]–[7], prototyping of
the algorithm [8], and algorithm refinement [9]. Product anal-
ysis includes assessment of algorithm performance (this article)
and product quality with emphasis on understanding how input
data uncertainties constrain LAI/FPAR retrievals [10], [11]. Val-
idation includes comparison of the product to field measure-
ments scaled to MODIS resolution with the goal of quantita-
tively establishing product accuracy, precision, and uncertainty
[12]–[18]. An article summarizing the validation activities of
our team is included in this journal issue [19].

MODIS product versions are called Collections. Collection
3 is the first significant processing of MODIS data into prod-
ucts and covered the 26 month period from November 2000
to December 2002 (96 data sets, one for every eight-day pe-
riod, totaling 157 GB). Collection 4 represents the latest version
of MODIS products and contains the entire time series of data
starting from February 2000 to the present (242 data sets, one
for every eight-day period, totaling 396 GB). At 1-km spatial
resolution, the land area constitutes about 170 million pixels, of
which 128 million are vegetated. This article is based on anal-
ysis of the entire Collection 3 and 4 Terra MODIS LAI and
FPAR data sets—about 108 billion pixel values. The purpose
of the study is to compare the effects of version (Collection 3
versus 4), input reflectance data quality indirectly through the
algorithm (main versus backup), snow (snow-free versus snow
on the ground), and cloud (cloud-free versus cloudy) conditions
on LAI/FPAR retrievals.

II. MODIS LAI/FPAR ALGORITHM AND PRODUCTS

A. Algorithm Inputs

The algorithm performs retrievals of LAI and FPAR from
daily surface reflectance data at 1 km resolution. Currently, the
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Fig. 1. Global maps of LAI, FPAR and Quality Control (QC) generated from Collection 3 (panels a, c, e) and Collection 4 (b, d, f) data sets for Julian dates
217–225 in year 2002 (August 5–13, 2002).

red (648 nm) and near-infrared (858 nm) bands are utilized be-
cause of high uncertainties in the other land bands [10]. Another
important input to the algorithm is the biome classification map,
in which the global vegetation is stratified into six canopy archi-
tectural types, or biomes [20]. The six biomes are: 1) grasses
and cereal crops, 2) shrubs, 3) broadleaf crops, 4) savannas,
5) broadleaf forests, and 6) needle leaf forests. These biomes
span structural variations along the horizontal (homogeneous
versus heterogeneous) and vertical (single- versus multistory)
dimensions, canopy height, leaf type, soil brightness, and cli-
mate (precipitation and temperature) space of herbaceous and
woody vegetation. The biome map reduces the number of un-
knowns of the inverse problem through the use of simplifying
assumptions (e.g., model leaf normal orientation distributions)
and standard constants (e.g., leaf, wood, litter, and soil optical
properties) that are assumed to vary with biome and soil types
only. This approach is similar to that adopted in many global
models which assume certain key parameters to vary only by

vegetation type and utilize a land cover classification to achieve
biome specific parameterization.

B. Algorithm

The retrievals are performed with the radiative transfer algo-
rithm, also called the main algorithm hereafter [4], [5]. The al-
gorithm finds LAI and FPAR values given sun and view direc-
tions, Bidirectional Reflectance Factor (BRF) for each MODIS
band, band uncertainties, and six biome land cover classes. The
retrieval technique compares observed and modeled BRFs for
a suite of canopy structures and soil patterns that represent an
expected range of typical conditions for a given biome type.
All canopy/soil patterns for which modeled and observed BRFs
differ within a specified uncertainties level are considered as ac-
ceptable solutions. The mean values of LAI averaged over all
acceptable solutions are reported as the output of the algorithm.
This physically-based LAI and FPAR algorithm was developed
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TABLE I
INTERPRETATION OF THE COLLECTION THREE QUALITY FLAGS ACCOMPANYING THE TERRA MODIS LAI AND FPAR PRODUCTS

for operational use with MODIS data. The main algorithm re-
trievals, therefore, are the MODIS standard product. The algo-
rithm, however, may fail if input reflectance data uncertainties
are greater than preset threshold values in the algorithm or due
to deficiencies in model formulation which result in incorrect
simulated BRFs. In all such cases, the retrievals are generated
by a backup algorithm based on biome-specific empirical rela-
tionships between the Normalized Difference Vegetation Index
(NDVI) and LAI/FPAR [21]. Additional details on algorithm
physics can be found in [6], [7], [10], and [22].

C. LAI and FPAR Products

The products are produced at 1-km spatial resolution daily
and composited over an eight-day period based on the max-
imum FPAR value. The eight-day product is distributed to the
public from the EROS Data Center Distributed Active Archive
Center [WWW1]. Collection 3 represents the first significant
processing of MODIS data into products after various initial
problems with instrument calibration and electronics have been
resolved, and covers the 26-month period from November 2000
to December 2002. This Collection, thus, provided an oppor-
tunity for evaluating the initial batch of products from Terra
MODIS. These efforts lead to algorithm refinements which were
implemented in Collection 4 processing that started in January

2003. Collection 4 represents the latest version of MODIS prod-
ucts and contains the entire time series of data starting from Feb-
ruary 2000 to the present.

MODIS products are projected on the Integerized Sinusoidal
(Collection 3) and the Sinusoidal (Collection 4) ten-degree
grids, where the globe is tiled into 36 tiles along the east-west
axis, and 18 tiles along the north-south axis [23]. Both Col-
lection 3 and 4 MODIS LAI and FPAR products have been
stage-1 validated [WWW2], that is, product accuracy has been
estimated using a small number of independent measurements
from selected locations and time periods through ground-truth
and validation efforts [19].

The product files contain quality flags in addition to LAI
and FPAR fields. The quality flag bit-fields provide information
about the overall quality of the product, algorithm path, cloud
state, aerosols, snow, etc. (Tables I and II). The users are advised
to use the quality control variables to select reliable retrievals.
Examples of global maps of LAI, FPAR and quality control vari-
ables for Collection 3 and 4 products are shown in Fig. 1 for
composite days August 5–13, 2002.

D. Changes in Collection Processing

The Collection 4 processing of LAI and FPAR products bene-
fited from improved inputs (surface reflectance data and biome
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TABLE II
INTERPRETATION OF THE COLLECTION FOUR QUALITY FLAGS ACCOMPANYING THE TERRA MODIS LAI AND FPAR PRODUCTS

map) and algorithm physics (LUTs and compositing), as dis-
cussed below. Refinements to atmospheric correction algorithm
resulted in a significant increase in the spatial extent of high
quality surface reflectance data. This directly impacted the spa-
tial extent of the LAI and FPAR product (Fig. 1). The number
of backup algorithm retrievals decreased from Collection 3 to 4,
but this meant more main algorithm retrievals under saturation
in broadleaf forests. The Advanced Very High-Resolution Ra-
diometer (AVHRR) data-based biome map used in Collection
3 processing had high uncertainties compared to the MODIS
data-based biome map used in Collection 4 [20]. The two maps
are shown in Fig. 2 and compared in Table III. The Collection 3
biome map had significant misclassification of grasses and ce-
real crop pixels into broadleaf crop pixels which impacted LAI
and FPAR retrievals. The quality of retrievals was especially
low in the case of misclassification between forest and nonforest
vegetation classes [8], [23].

The Collection 3 algorithm look-up tables (LUTs) were
based on surface reflectance data from the Sea-Viewing Wide
Field-of-view Sensor (SeaWiFS) sensor [10] while the Collec-
tion 4 LUTs were based on MODIS surface reflectance data.
LAI histograms for the six biomes shown in Fig. 3 illustrate

the impact of LUTs on LAI retrievals. The main problem with
Collection 3 product was LAI overestimation in the first four
biome types (Section II-A). This was also ascertained through
validation activities [24], [19]. The problem was traced to
mismatch between simulated reflectances evaluated from LUT
entries and MODIS reflectances, thus resulting in incorrect
LAI/FPAR retrievals or algorithm failure [11]. The LUTs were,
therefore, revised according to the process described in [4], [8],
and [9].

The compositing scheme of the algorithm was revised in Col-
lection 4 processing. Amongst the set of LAI/FPAR values from
the eight-day compositing period, the LAI/FPAR pair corre-
sponding to the maximum FPAR value was selected, irrespec-
tive of algorithm path, to represent the eight-day composited
MODIS LAI product in Collections 1–3. This scheme lead to
poor quality compositing results when backup retrievals number
more than the main algorithm retrievals in the eight-day pe-
riod because the backup algorithm retrievals are inherently de-
rived from lower quality inputs. This compositing scheme was
changed in Collection 4 to select the LAI/FPAR pair corre-
sponding to the maximum FPAR value generated by the main
algorithm. The backup algorithm retrievals are selected only
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Fig. 2. Comparison of biome maps used in Collection 3 (panel a) and 4 (panel b) processing. The relative proportions are shown in panels c and d. A detailed
comparison is presented in Table III.

TABLE III
ERROR MATIX FROM COMPARISON OF BIOME MAPS USED IN COLLECTIONS 3 AND 4 LAI/FPAR PROCESSING

when no main algorithm retrievals are available during the com-
positing period.

III. RESULTS AND DISCUSSION

A. Retrieval Index

The retrieval index (RI) is defined as the ratio of the number
of pixels with LAI and FPAR retrieved by the main algorithm to
the total number of retrievals by both the main and backup algo-
rithms. This index does not indicate retrieval quality but rather
the success rate of the main algorithm. The retrieval index shows
a stable but seasonal pattern through the five years of MODIS
operations [Fig. 4(a)]. The annual average retrieval index in-
creased from 55% in Collection 3 to 67% in Collection 4 be-
cause of the changes discussed in Section II-D. The retrieval
index can be as low as 40%–50% during the boreal winter time
mainly due to poor quality surface reflectances and as high as
65%–80% during the boreal summer time. The points shown off

the line in Fig. 4(a) are due to a pause in data collection by the
Terra MODIS instrument [WWW3].

Grasses and cereal crops have the highest retrievals from
the main algorithm (50% in winter and 80%–90% in summer)
when retrievals are analyzed by biome type [Fig. 4(b)]. The
retrieval rate is lowest in the case of broadleaf forests (40%
through the year) because of reflectance saturation in dense
canopies, that is, the reflectances do not contain sufficient
information to localize a LAI value [4], [5]. Changes planned
for Collection 5 processing are aimed at improving the retrieval
rate in dense forests [9]. The seasonality in retrieval rate is
most pronounced in the high northern latitudes [Fig. 4(c)]. The
few main algorithm retrievals during the winter time in this
region are due to snow and/or cloudy conditions and fewer
measurements (surface reflectances are not generated for solar
zenith angle ). The retrieval index for this region is as high
as 80% during the summer time. Overall, the retrieval rates of
the main algorithm increased by 8%–16% in all latitudes in
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Fig. 3. LAI histograms from Collection 3 (dashed line) and 4 (solid line) by biome type and algorithm path.

the Collection 4 processing. Table IV summarizes the overall
effect of version (Collection 3 versus 4) on LAI/FPAR retrievals
from the main algorithm.

B. LAI and FPAR Fields

The time series of LAI and FPAR fields from the Terra
MODIS sensor exhibit the seasonal cycle as expected, with a
boreal winter time minimum of about 1.5 (1.3) and a boreal
summer time maximum of about 2.5 (1.8) for the Collection 3
(Collection 4) processing [Fig. 5(a) and (b)]. The difference
between the two Collections is due to two reasons—1) LAI
overestimation in the first four biomes (Section II-A) stemming
from a mismatch between simulated reflectances evaluated
from algorithm LUT entries and MODIS reflectances in Col-
lection 3, and 2) significant misclassification of grasses and

cereal crop pixels into broadleaf crop pixels in the biome map
used in Collection 3 processing. The small random variations
in the LAI time series are due to variations in data availability
related to cloud cover rather than phenological changes. The
global FPAR time series also shows similar seasonality, varying
from about 0.45 in winter to 0.55 in summer. Thus, on average,
about 50% of the incident photosynthetically active radiation is
absorbed by vegetation. This high rate of absorption is possible
because the vegetated area is magnified by a factor of 1.3 to 1.8
through layering of leaves in the canopy.

The LAI and FPAR profiles derived from the main algorithm
for individual biomes are shown in Fig. 5(c) and (d). The am-
plitude of seasonal variations for a particular biome type at the
global scale may be lower or different than the corresponding
amplitude at regional scales. The Southern and Northern hemi-
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Fig. 4. Time series of the main algorithm retrieval rate, denoted here as the retrieval index (fraction of main algorithm retrievals) for Collection 3 (dashed lines)
and 4 (solid lines) data sets. The global retrieval index is shown in panel a, the points shown off the line are due to a pause in data collection by the Terra MODIS
instrument [WWW3]. The retrieval index for different biomes (latitudinal bands) is shown in panel b (panel c). The abbreviations C3 and C4 refer to Collection 3
and 4 products, respectively.

TABLE IV
TEMPORALLY AND SPATIALLY AVERAGED RETRIEVAL INDEX FOR SIX BIOMES IN COLLECTIONS 3 AND 4 LAI/FPAR PROCESSING

spheres have opposing growing seasons which dampen the sea-
sonal amplitude at the global scale. Grasses and cereal crops
have LAI values of about 1 through the year with negligible
seasonal variations. Broadleaf forests indicate some seasonality
with LAI varying from about 4 during the boreal winter to 5.5 in
the summer. This biome class includes both evergreen broadleaf
forests from the tropics and deciduous broadleaf forests from the
temperate regions. A stronger seasonality is seen in needleleaf
forests with LAI varying from about 2 during the boreal winter
to 4.5 in the summer. Some of this seasonality is an artifact re-
sulting from low data availability during the boreal winter time
due to weak illumination conditions, extreme solar zenith an-
gles, snow and cloud contamination.

The zonal mean LAI value from the tropics is about 1.5 in
Collection 4 which may seem low [Fig. 5(e) and (f)]. In this

band, large areas are under savanna (33%, ), shrubs
(17%, ), and grasses (10%, ). The ever-
green broadleaf forests occupy 34% of the area in the tropics
(23 S–23 N) with a mean LAI value of about 4.2. In the higher
northern latitudes ( N), the summer time LAI values are
about 2.5 in Collection 4. Low winter time LAI values here are
an artifact due to snow and/or cloudy conditions, and the low
availability of surface reflectances data. This will be further dis-
cussed in Sections III-D and III-E.

C. Main and Backup Algorithm Retrievals

The foregoing analysis indicates that the main algorithm suc-
cess rate is about 70% in Collection 4 processing. The main
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Fig. 5. LAI and FPAR from Collection 3 (dashed lines) and 4 (solid lines) data sets. The global retrieval index is shown in panels a and b. The averaged annual
profile of LAI and FPAR for different biomes (latitudinal bands) is shown in panels c and d (panels e and f). The abbreviations C3 and C4 refer to Collection 3 and
4 products, respectively. (a) MOD15A2, Main Algorithm. (b) MOD15A2, Main Algorithm. (c) MOD15A2, Main Algorithm. (d) MOD15A2, Main Algorithm.
(e) MOD15A2, Main Algorithm. (f) MOD15A2, Main Algorithm.

algorithm failure in 30% of the pixels may be due to uncer-
tainties in input surface reflectance data greater than threshold
values preset in the algorithm, biome misclassifications and al-
gorithm deficiencies that can result in an incorrect or no match
between simulated reflectances evaluated from LUT entries and
MODIS reflectances. The backup NDVI based algorithm trig-
gered in these instances is insensitive to input data uncertainties
and always provides a retrieval if NDVI is a positive number.
The quality of retrievals from the backup algorithm is, thus, gen-

erally poor. The following analysis was performed to compare
main and backup algorithm retrievals.

The difference between the main and backup algorithms re-
trievals is defined as delta LAI (delta FPAR). Delta LAI is cal-
culated at a monthly scale as a function of both biome type and
latitudinal band. The four successive eight-day LAI values of
a pixel in one month are flagged for further analysis if this se-
quence contains retrievals from both the main and backup algo-
rithms. The mean main algorithm LAI, , and the mean
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Fig. 6. Difference between main and backup algorithm retrievals in Collection 4 (solid lines). Results are shown for three representative biomes (grasses and
cereal crops, savannas, and broadleaf forests), two-month (August and March) and two-latitudinal bands (north of 40 N and 23 S to 23 N). Also shown are the
histograms of LAI and FPAR values retrieved by the main algorithm (dotted lines). (a) Grasses and Cereal Crops. (b) Grasses and Cereal Crops. (c) Savannas.
(d) Savannas. (e) Broadleaf Forests. (f) Broadleaf Forests.

backup algorithm LAI, , are used to evaluate delta
LAI of the pixel, . Similar
calculations are performed for FPAR data.

Representative delta LAI and FPAR fields evaluated with the
Collection 4 data are shown in Fig. 6 for three biome types
(grasses and cereal crops, savannas, and broadleaf forests) in
two broad latitude bands (north of 40 N and 23 S–23 N) during
two representative months (August and March). Delta LAI and
FPAR are generally linear with respect to the mean main algo-
rithm LAI and FPAR values. Delta FPAR is less than 0.2 in two
of the three biomes studied (Fig. 6) over the range of the most
probable FPAR values (0.4–0.8 in grasses and cereal crops and
0.8–0.9 for broadleaf forests). However, delta FPAR is signifi-

cantly higher (about 0.4) in savannas, where the most probable
FPAR values range from 0.6 to 0.95. The same is true of delta
LAI. Grasses and cereal crops have a low LAI values (0.5–2.0)
and delta LAI is close to zero for a majority of pixels. Broadleaf
forests have high LAI values (4.0–6.5) and delta LAI is also
high—about 1.8 in the northern latitudes during August and 3.4
in the tropical band during March.

The above-mentioned differences in LAI and FPAR values
from the main and backup algorithms highlight certain limita-
tions of the backup algorithm. Recall that the backup algorithm
is based on biome-specific relations between NDVI and LAI
(FPAR). These relations, although based on field data and model
calculations, are, nevertheless, site-specific and can not account
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Fig. 7. Impact of snow on LAI/FPAR retrievals over vegetated areas north of 40 N. The annual course of the percentage of snow covered pixels in Collection 3
(panel a) and 4 (panel b) data. The annual course of the pixel counts and total LAI (the sum of LAIs over corresponding pixels) retrieved by the Collection 4 main
and backup algorithms under various snow conditions is shown for broadleaf forests (panels c and e) and needleleaf forests (panels d and f). The abbreviations C3
and C4 refer to Collection 3 and 4 products, respectively.

for natural variability of vegetation. Moreover, an important
reason why the main algorithm fails is cloud and snow con-
tamination of surface reflectances. The backup algorithm will
retrieve low LAI and FPAR values as it is insensitive to input
uncertainties (Sections III-D and III-E). This analysis highlights
the need for examining the product quality flags accompanying
the product (Tables I and II).

D. Retrievals From Pixels With Snow

The impact of snow cover on algorithm performance is ex-
amined here to understand the seasonality observed in LAI and

FPAR fields in the boreal zones [Fig. 5(e) and (f)]. Informa-
tion on snow cover of each pixel is contained in the product
quality flags accompanying the products (Tables I and II). Ac-
cording to this information, about 20% to 30% of the vegetated
pixels north of 40 N are identified as having snow during the
peak winter months [Fig. 7(a) and (b)]. Under such conditions,
the main algorithm retrieval rate is 1.4% in Collection 3 and
2.5% in Collection 4. The high failure rate is due to the fact that
snow significantly increases both RED and NIR reflectances,
such that NDVI is close to 0 [25], and the reflectances are not
part of the retrieval domain of the main algorithm. The backup
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Fig. 8. Impact of clouds on LAI/FPAR retrievals. Three cloud conditions were used—cloudy, partially cloudy, and clear. The annual course of the percentage
of pixels retrieved by the main or the backup algorithms under various cloud conditions in Collection 3 (panel a) and 4 (panel b) data. The annual course of LAI
retrieved by the Collection 4 main and backup algorithms under different cloud conditions is shown in panel c for grasses and cereal crops, in panel d for broadleaf
forests and in panel e for needleleaf forests. (a) Collection 3. (b) Collection 4. (c) Grasses and Cereal Crops. 25.4% Vegetated Pixels, Northern Hemisphere.
(d) Droadleaf Forests, 17.7% Vegetated, Pixels, Global. (e) Needleleaf Forests, 12.0% Vegetated Pixels, Global.

NDVI-based algorithm invoked in these cases provides LAI and
FPAR retrievals close to 0. Such pixels are tagged as having poor
quality in the QA fields (Tables I and II).

The Collection 4 LAI retrievals under various snow con-
ditions in the high northern latitudes ( N) are shown in
Fig. 7(c)–(f), separately for broadleaf and needleleaf forests.
Total LAI (the sum of LAI values over corresponding pixels),

instead of average LAI, is shown in Fig. 7(e) and (f). The total
LAI under snow-free conditions is about 100 times greater than
that with snow, that is, LAI retrievals under snow conditions are
a very small portion of the total retrievals, generally speaking.
During the winter months, however, retrievals under snow
conditions are considerable, and, in fact, there are too few main
algorithm retrievals to reliably estimate average LAI values
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for needleleaf forest pixels [Fig. 7(d)]. Therefore, the LAI and
FPAR seasonality in needleleaf forests, seen in Fig. 5(c)–(d),
is spurious and must be treated as an artifact resulting from
too few reliable retrievals. It should also be noted that there
are few reliable measurements in the high northern latitudes
during the winter period because of low sun angles and weak
illumination conditions, which further amplify the problem of
reliably estimating LAI and FPAR in these regions during the
winter months.

E. Retrievals Under Cloudy Conditions

The MODIS cloud screening algorithm uses as many as 14
of the MODIS 36 spectral bands to maximize the reliability of
cloud detection. Information on cloud optical thickness, effec-
tive radius, cloud-top properties is also used to determine the
cloud mask (e.g., single layer, multilayer, clear sky, etc.). De-
tails on the MODIS cloud mask are described in [26].

Information on pixel cloud state is contained in quality flags
accompanying the products (Tables I and II). Note that the
LAI/FPAR algorithm is executed irrespective of cloud state.
About 50% to 65% of the vegetated pixels are identified as
cloud free, 15% as partially cloudy and the rest as cloud covered
in the Collection 3 data set [Fig. 8(a)]. In Collection 4, about
65% to 75% of the vegetated pixels are identified as cloud free,
10% as partially cloudy and the rest as cloud covered [Fig.
8(b)]. These differences must be attributed to refinements in
cloud screening algorithm. The increase in the amount of cloud
free pixels in Collection 4 is especially noticeable during the
boreal winter time period [Fig. 8(a) and (b)].

The annual course of Collection 4 LAI retrieved by the
main and backup algorithms under different cloud conditions
is shown in Fig. 8(c)–(e) for three example biomes (grasses
and cereal crops, broadleaf forests, and needleleaf forests). The
majority of retrievals under cloudy conditions are performed
with the backup algorithm. Main algorithm failure in such
cases is expected as the input reflectance data have large uncer-
tainties. The main algorithm does not fail in some limited cases
of cloudiness [cf. Fig. 8(b)]. This situation may correspond to
the case of cloud cover overestimation by the cloud screening
algorithm. The results shown in Fig. 8 suggest that the annual
course of LAI values retrieved by the main algorithm shows
similar patterns, irrespective of the degree of cloudiness. How-
ever, the differences in LAI magnitudes between the retrievals
under cloud-free and cloudy conditions are not negligible, and
they depend on the biome type and the time of the year. This
again reinforces the need for examining the product quality
flags accompanying the LAI and FPAR product (Tables I and
II).

IV. CONCLUSION

The following conclusions can be drawn based on the analysis
of two years of Collection 3 and five years of Collection 4 Terra
MODIS LAI and FPAR data sets. The success rate of the main
radiative transfer algorithm increased from 55% in Collection
3 to 67% in Collection 4. This is due to the new LUTs imple-
mented in Collection 4 and also due to refinements to upstream
algorithms that provide inputs to the LAI/FPAR algorithm. The

time series of LAI and FPAR fields exhibit the seasonal cycle
with a boreal winter time minimum of about 1.5 (1.3) and a
boreal summer time maximum of about 2.5 (1.8) for the Col-
lection 3 (Collection 4) processing. This difference between the
two Collections is due to two reasons—1) LAI overestimation
in the first four biomes (Section II-A) stemming from a mis-
match between simulated reflectances evaluated from algorithm
LUT entries and measured MODIS reflectances in Collection 3,
and 2) significant misclassification of grasses and cereal crop
pixels into broadleaf crop pixels in the biome map used in Col-
lection 3 processing. Less than 2%–3% of the pixels tagged as
covered with snow are processed by the main algorithm. Thus,
most of the snow covered pixels are processed by the backup
NDVI-based algorithm which is insensitive to input reflectance
data quality. Similarly, a majority of retrievals under cloudy
conditions are obtained from the backup algorithm. For these
reasons, the backup algorithm retrievals have low quality and
should not be used for validation and other studies. The users
are advised to consult the quality flags accompanying the LAI
and FPAR product to select high quality retrievals.

The analysis presented here demonstrates the physical basis
of the main algorithm used to generate the MODIS standard LAI
and FPAR product, and importantly, that the reliability and spa-
tial coverage of the retrievals increase with increased input ac-
curacy. Further improvements in the quality of MODIS surface
reflectances and biome map are, therefore, expected to lead to
LAI and FPAR product of increasing quality and coverage. The
role of the backup algorithm will be consequently reduced.

APPENDIX I
WWW SITES

WWW1: EROS Data Center Distributed Active
Archive Center, http://edcimswww.cr.usgs.gov/pub/im-
swelcome/ WWW2: The EOS Land Validation Home Page,
http://landval.gsfc.nasa.gov/ WWW3: Terra MODIS Instrument
Performance History, http://www.mcst.ssai.biz/mcstweb/per-
formance/terra_instrument.html.
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